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Doocrlptlon 

Background of the Invention 

5 The present invention relates to a built-in self test circuit according to the preamble of claim 1 . 

In recent years, it is considerably important to perform a test having a high fault detection capacity so as to assure 
the quality of LSIs. It is, however, more difficult to test the internal arrangement of an LSI from the limited external pins 
due to the recent development of larger scale LSIs. In addition, the test contents are also complicated. A test circuit 
itself is assumed to be built into an LSI in design for testability (DFT). Typical techniques are a built-in self test (BIST) 
10 technique, for example described by P.P. Gelsinger: Design and Test of the 80386. IEEE Design and Test of Computers, 
Vol. 4, no. 3, June 1987, pp. 42-50, and a scan technique, an example for which is described in the EP-A- 0 164 209. 
The present invent ion relates to the BIST technique. 

In this BIST technique, a built-in self test is known wherein a test function is built into a semiconductor chip to. 
perform a test. Built-in self test arrangements are classified into a centralized arrangement in which one pattern gen- 
ts orator and one pattern compressor are shared by all functional blocks and a distributed arrangement in which a pattern 
generator and a pattern compressor are arranged for each functional block. 

With this arrangement, the number of parts of each constituent component or the wiring amount between the 
respective constituent components greatly influence the hardware amount or space factor in the LSI. 

For example, a pseudorandom pattern generator is generally used as a pattern generator. Typical examples of 
20 the pseudorandom pattern generator are a linear feedback shift register and a weighted linear shift register. In use of 
a linear feedback shift register having a bit width corresponding to the number of inputs of circuits under test (CUT), 
a pseudorandom pattern is generated by the linear feedback shift register, and the output from the linear feedback 
shift register is input to the circuits under test. 

In the method using the linear feedback shift register or weighted linear feedback shift register as the test pattern 
25 generator, however, the linear feedback shift register having the bit width corresponding to the number of inputs of the 
circuits under test must be used, and a large amount of hardware is required for a multiple input circuit. 

In addition, a large number of patterns and a long test execution time are required to obtain a high fault coverage 
in a linear feedback shift register. A long fault simulation time is undesirably required to evaluate the patterns accord- 
ingly. 

30 The weighted linear feedback shift register has an advantage in that the number of patterns is reduced because 
convergence of the fault coverage is improved. However, weighting hardware such as OR and AND gates is additionally 
required, resulting in inconvenience. 

When a pattern compressor is taken into consideration, two linear feedback shift registers (LFSRs) or multiple 
input linear feedback shift registers (MISRs) are used as the first and second compressors in the pattern compressor 

35 arrangement. In the first compressors, as shown in Fig. 10, pattern generators (LFSRs) 1j to 1 4 supply Q test patterns 
to four functional blocks 2 A to 2 4 as circuits under test, and data of R bits x Q patterns output from the functional blocks 
2 y to 24 are spatially compressed into data of 1 bit x Q patterns by space compressors 3, to 3 4 using the multiple input 
linear feedback shift registers (MISRs) embedded in the functional blocks (i.e., the functional blocks and the pattern 
compressors are arranged adjacent to each other in the chip layout, and the wiring length between them is short): 

40 in the second compressors, all data each consisting of 1 bit x Q patterns obtained by compressing the data from 
the functional blocks 2, to 2 4 by the space compressors 3^ to 3 4 are respectively collected by compression lines 4, to 
4 4 , and time compressors 5 1 to 5 4 using the linear feedback shift registers (LFSRs) separate from the four functional 
blocks (the compressors are arranged separate from the functional blocks in the chip layout, and the wiring length 
between them is bng) compress all the data into data each consisting of one pattern. Space and time compressors 

45 for instance are described in the WO-A- 81 012 10. The resultant values are compared with a given expected value 
prestored in the chip. 

Since the multiple input linear feedback shift registers are used as the space compressors 3 {3, to 3 4 ) as the first 
compressors for the functional blocks, and four separate linear feedback shift registers are used as time compressors 
5 (5 1 to 5 4 ) serving as the second compressors, the amount of hardware constituting the pattern compressor is unde- 
50 sirably large. 

As an arrangement of the space compressor having a smaller amount of hardware than that of the compressor 
using the multiple input feedback shift registers, a compressor using exclusive OR gates is known (Reference: S.M. 
Reddy et a!.: A data compression technique for built-in self-test, IEEE Trans. Comp., Col. 37, No. 9, pp. 1151-1156 
(Sep. 1988)). 

55 The degree of space compression (compressible bit width) free from missed faults depends on a functional block 
under test in the compressor using only the exclusive OR gates. This arrangement is suitable for a pattern compressor 
in which space and time compressors are located adjacent to each other to perform a centralized self test. However, 
when this arrangement is used as a distributed self test pattern compressor, a wiring amount between the space and 
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time compressors is undesirably increased in the presence of a compressor having a low degree of space compression 
in the functional block under test. 

Summary of the Invention 

5 

It is, therefore, a principal object of the present invention to provide a built-in self test circuit capable of maintaining 
the same fault detection capacity as that of the conventional techniques and being arranged by a smaller amount of 
hardware than those of the conventional techniques. 

In order to achieve the above object of the present invention, there is provided a built-in self test circuit comprising 

to at least one pattern generator constituted by a linear feedback shift register, at least one functional block subjected to 
a self test on the basis of an output from said pattern generator or generators wherein a test result is checked on the 
basts of an output from said functional block or blocks, said functional block or blocks having O (positive integer) inputs 
and M (positive integer) outputs, said pattern generator or generators and said functional block or blocks being built 
into a semiconductor chip into which other functional elements are buitt, characterized by said linear feedback shift 

15 register or registers having an output bit width P (P = O/N) which is 1/N of the inputs O of said functional block or 
blocks, with N being an integer of 2 or more, for generating a pseudorandom pattern and an iterative pseudorandom 
pattern output unit for distributing outputs from said linear feedback shift register or registers in units of P outputs and 
outputting, to said functional block or blocks, an iterative pseudorandom pattern output having an iterative Obit width 
(O = P*N) of the pseudorandom pattern output from said linear feedback shift register or registers every P bits. 

20 Advantageously, there is provided a pattern generator, a functional block subjected to a self test on the basis of 

an output from the pattern generator, a space compressor for compressing a test result of the functional block, and a 
comparator for comparing an output from the space compressor with an expected value and outputting a comparison 
result, wherein the functional block has O (positive integer) and M (positive integer) outputs, the pattern generator is 
constituted by a linear feedback shift register, having an output bit width P (P = O/N) which is 1/N of the inputs O of 

25 the functional block, for generating a pseudorandom pattern and an iterative pseudorandom pattern output unit for 
distributing outputs from the linear feedback shift register in units of P outputs and outputting, to the functional block, 
an iterative pseudorandom pattern output having an iterative O-bit width (O = P*N) of the pseudorandom pattern output 
from the linear feedback shift register every P bits, the space compressor has a function of spatially compressing the 
M outputs from the functional block into L outputs (positive integer and M > L), and the pattern generator, the functional 

30 block, the space compressor, and the comparator are built into a semiconductor chip into which other functional ele- 
ments are built. Further advantageous aspects of the invention are defined in the subclaims. 

Brief Description of the Drawings 

35 Fig. 1 is a block diagram showing an embodiment of a built-in self test circuit according to the present invention; 

Fig. 2 is a block diagram showing an embodiment of a pattern generator shown in Fig. 1 ; 

Fig. 3 is a circuit diagram showing a detailed arrangement of the pattern generator shown in Fig. 2; 

Fig. 4 is a diagram showing another embodiment of a pattern generator; 

Fig. 5 is a system diagram showing the detailed circuit of the embodiment shown in Fig. 3; 
40 Fig. 6 is a circuit diagram showing an arrangement of a pattern generator using the arrangements of Figs. 4 and 5; 

Fig. 7 is a circuit diagram showing a detailed arrangement of a space compressor shown in Fig. 1 ; 

Fig. 8 is a circuit diagram showing another embodiment of a space compressor; 

Fig. 9 is a system diagram showing an arrangement of a logic circuit having a mode for switching compression 
lines from the functional blocks; and 
45 Fig. 10 is a block diagram showing an arrangement of a conventional built-in self test circuit 

Description of the Preferred Embodiments 

Fig. 1 shows an embodiment of a built-in self test circuit according to the present invention. Referring to Fig. 1, 
so pattern generators 11 (11 1 to 11 3 ) are constituted by a distributed type in which pattern generators are arranged in 
units of functional blocks, a centralized type in which pattern generators are distributed from one location using a bus 
or the like, or a mixed type in which the distributed and centralized pattern generators are mixed. The pattern generators 
11 are built into a semiconductor chip in which other functional elements are arranged. The detailed arrangement is 
shown in Fig. 2. 

55 Fig. 2 shows an iterative pseudorandom pattern generator as an example of the pattern generator 11 in Fig. 1 . A 

functional block as a circuit under test is constituted by a plurality of modules, and the pattern generator comprises a 
linear feedback shift register (LFSR) 21 for generating a pseudorandom pattern having an output bit width P which is 
1/N (N is an integer of 2 or more: N = 2, 3, 4,...) of a number O of inputs supplied to data input units of the modules 
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M, to M n , and an iterative pseudorandom pattern output unit 22 for iteratively (N times) supplying the pseudorandom 
pattern generated by the linear feedback shift register (LFSR) 21 to the input units of the modules. 

This iterative pseudorandom pattern generator distributes outputs into N data by the linear feedback shift register 
21 for generating the pseudorandom pattern having the output bit pattern which is 1/N (N = 2, 3, 4,...) the number of 

5 inputs supplied to the data input units of the modules, and causes the iterative pseudorandom pattern output unit 22 
to iteratively generate the pseudorandom pattern. 

To iteratively input the iterative pseudorandom pattern generated by the iterative pseudorandom pattern generator 
to the data input units of the modules, the iterative pseudorandom pattern output unit 22 is coupled to the data input 
units of the modules to couple the iterative pseudorandom pattern generator to the modules as circuits under test. 

10 The bit width of the linear feedback shift register 21 as the major component of the iterative pseudorandom pattern 
generator is so determined that the pseudorandom pattern generated by the linear feedback shift register (LFSR) 21 
is not supplied to each of the iterative modules but is iteratively supplied to two or more modules due to the following 
reason. If a pseudorandom pattern is supplied in units of modules, each module can be tested, but a coupling test 
between the modules cannot be performed, thus causing an undetectable fault. 

15 The final bit width of the linear feedback shift register 21 is determined to fall within an allowable value (95%) of 
the fault coverage preset in accordance with a missed fault coverage in a fault simulation. 

The bit width of the linear feedback shift register 21 is increased by the number of control inputs, and the increased 
bit output is supplied to control input units 23 of the circuits under test without being distributed, thereby generating 
the pattern for the control input units 23 of the circuits under test. 

20 A pattern generator including a linear feedback shift register and a counter in an arrangement different from that 

described above may be used to generate a pattern for the control input units. 23 of the circuits under test. 

Embodiments employing the circuits under test and the iterative pseudorandom pattern generator 20 as a 32-bit 
ripple carry adder and a 32-bit carry lookahead adder are shown in Figs. 3 and 6 as typical circuits having an arrange- 
ment (Fig. 2) in which identical functional modules are linearly arranged and coupled to each other. 

2S Fig. 3 explains circuits under test according to the first embodiment of the present invention. 

This embodiment exemplifies the present invention applied to a ripple carry adder. As shown in Fig. 3, the 32-bit 
rippie carry adder model is constituted by thirty-two 3- in put, 2 -output full adder modules 31 arranged in line and coupled 
to each other through a single carry propagation line 32. The lowest module 31 32 is connected to a carry input pin (CI) 
23, and the highest module 3^ is connected to a carry output pin (CO) 34. Data input pins AO to A31 and BO to B31 

30 are connected to the iterative pseudorandom pattern generator 20. 

The iterative pseudorandom pattern generator 20 uses a 5-bit output linear feedback shift register -(5-bit LFSR) 
21 . One of the five output bits of the shift register 21 is connected to the carry input pin 23, and the remaining four bits 
are used for the shift register, so that a pseudorandom pattern generated by the shift register 21 is iterative ly supplied 
to the four data input units of the two full adder modules 31 through the iterative pseudorandom pattern output unit 22, 

35 as shown in Fig. 3. 

The pseudorandom pattern is iteratively supplied every two full adder modules due to the following reason. When 
the pseudorandom pattern is iteratively supplied every full adder module, each full adder can be independently tested, 
but a coupling test between the full adders cannot be performed. Although this arrangement is advantageous in re-, 
duction in hardware, but an undetectable fault occurs. 
40 The number of input bits of the 32-bit ripple carry adder is 65. If a normal pseudorandom pattern generator is used, 

a 65-bit pseudorandom pattern generator is required. However, when an iterative arrangement is utilized, only the 5-bit 
pseudorandom pattern generator is required. 

Fig. 4 explains a circuit under test according to the second embodiment of the present invention. This embodiment 
exemplifies the present invention applied to a carry lookahead adder. 
45 Fig. 4 shows eight 4-bit carry lookahead adder units 51 as modules 51-, to 51 8 coupled through a single carry 

propagation line 52. The lowest module 51 e is connected to a carry input pin (CI) 53, and the highest module 5^ is 
connected to a carry output pin (CO) 54. 

A carry lookahead adder unit shown in Fig. 5 comprises a half adder unit 61 , carry calculation units 62 and 63, 
and an exclusive OR unit 64. 

50 a case in which the iterative pseudorandom pattern generator 20 is applied to the above carry lookahead adder 
model will be described below. 

Fig. 6 explains an iterative pseudorandom pattern generator according to the second embodiment of the present 
invention. The iterative pseudorandom pattern generator 20 comprises a 17-bit output linear feedback shift register 71 
(1 7-bit LFSR). The iterative pseudorandom pattern generator for this carry lookahead adder connects one of the sev- 

55 enteen output bits to the carry input pin 53. The remaining sixteen bits are used for the iterative pseudorandom pattern 
generator, and a pseudorandom pattern generated by this generator is iteratively supplied to sixteen data input units 
55 (Fig. 4) of the two of the carry lookahead adder units 5^ to 51 e through a pseudorandom pattern output unit 74. 
The carry input pin 53 is arranged in the same manner as in Fig. 4. 
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In this embodiment, a pseudorandom pattern is iteratively supplied every two carry lookahead adder units due to 
the following reason. It the pseudorandom pattern is iteratively supplied every carry lookahead adder unit, each carry 
lookahead adder unit can be independently tested, but a coupling test between the carry lookahead adder units cannot 
be performed In the same manner as in the ripple carry adder. Although the amount of hardware can be reduced, an 
s undetectable faurt occurs. 

The number of input bits of the 32-bit carry lookahead adder is 65. If a normal pseudorandom pattern generator 
is used, a 65-bit linear feedback shift register is required. However, when an iterative arrangement is utilized, only the 
17-bit linear feedback shift register is required. 

The embodiments in which the iterative pseudorandom pattern generators are applied as two typical adders have 
10 been described. However, if an iterative logic circuit is to be arranged, an iterative pseudorandom pattern generator is 
effective for an arithmetic logic unit (ALU) having a more complicated arrangement than that of an adder, as a circuit 
in which identical functional modules are linearly arranged, or for a multiplier or the like as a circuit in which identical 
modules are arranged in the form of an array. 

Note that the iterative pseudorandom pattern generator can be applied to a 16-bit arithmetic logic unit having 25 
is functions such as arithmetic, logic, comparison functions and an overflow detection function or a 16-bit multiplier em- 
ploying a second-order booth algorithm and a carry save adder scheme, and a simulation is performed to obtain a 
pattern generator having a high fault coverage with a small amount of hardware (25% to 60%) and a smaller number 
of patterns (10% to 40%). 

The bit widths of the pseudorandom pattern generators required for the 32-bit ripple carry adder and the 32-bit 
20 carry lookahead adder which are exemplified in the above two embodiments are 5 bits and 1 7 bits, respectively. These 
bit widths can be, respectively, 7.7% and 26.2% that of the conventional method using the pseudorandom pattern 
generators, the number of which is equal to the number of inputs to the adder 

The bit widths of these pseudorandom pattern generators are not changed by the number of modules having 
identical functions, i.e., the bit width of the adder. When a 64- or 128-bit adder is taken into consideration, the iterative 
25 pseudorandom pattern generator-can be arranged using the pseudorandom pattern generators constituting the above 
bit width, thereby greatly reducing the amount of hardware. 

A relationship between the number of patterns and fault coverages in an actual fault simulation for the model using 
the iterative pseudorandom pattern generator (Fig. 3) of the present invention and the model using the pseudorandom 
pattern generators having the bit width corresponding to the number of inputs of the conventional technique in ripple 
30 carry adders is shown in Table 1 . 



Table 1 





Comparison in Fault Coverage Between Ripple Carry Adders 


35 


Number of Patterns 


Fault Coverage of Pseudorandom Pattern 


Fault Coverage of Iterative Pseudorandom 




Generator of Conventional Technique (%) 


Pattern Generator according to the Present 








Invention (%) 




10 


42.84 


97.06 




20 


47.43 


100.00 


40 


50 


61.19 


100.00 




100 


67.89 


100.00 




200 


67.89 


100.00 




500 


89.00 


.100.00 


45 


1000 


100.00 


100.00 



A relationship between the number of patterns and fault coverages in an actual fault simulation for the model using 
the iterative pseudorandom pattern generator (Fig. 6) of the present invention and the model using the pseudorandom 
pattern generators having the bit width corresponding to the number of inputs of the conventional technique in carry 
so lookahead adders is shown in Table 2. 
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Table 2 



Comparison in Fault Coverage Between Carry Lookahead Adders 




Fault f^ovarana of Pseudorandom Pattsrn 


Fault Covaraoa of Iterative Pseudorandom 




Generator of Conventional Technique (%) 


Pattern Generator according to the Present 






Invention (%) 


10 


34.46 


44.37 


20 


37.52 


57.65 


50 


46.70 


90.45 


100 


51.16 


98.04 


200 


51.29 


99.82 


500 


69.40 


100.00 


1000 


89.72 


100.00 


2000 


97.00 


100.00 


5000 


100.00 


100.00 



As can be apparent from Tables 1 and 2, the number of patterns for obtaining the 100% fault coverage in the 
20 iterative pseudorandom pattern generator is 2% for the ripple carry adder and about 10% for the carry lookahead adder 
as compared with the pseudorandom pattern generators of the conventional method. The test time in the manufacturing 
test can be shorted, and the fault simulation time for evaluating the patterns generated by the pattern generators can 
be greatly reduced. 

As has been described above, according to the present invention, when an iterative pseudorandom pattern gen- 
25 erator is applied to a multiple input circuit having an iterative logic arrangement, a linear feedback shift register requires 
a smaller bit width than that of the conventional linear feedback shift registers having an input bit width. In addition, 
test hardware can be reduced. 

The fault detection capacity per pattern can be increased by supplying an iterative pseudorandom pattern to a . 
circuit under test. The number of patterns supplied to the circuit under test can be reduced to achieve high fault cov- 
30 erage. The manufacturing test time can be shortened, and the fault simulation time for evaluating the pattern can be 
saved. 

Referring to Fig. 1 , the circuit comprises space compressors 1 3 1 to 1 3 3 respectively embedded in functional blocks 
12 1 to 12 3 of a circuit under test 12, a space compressor 14 embedded in the functional block 12 t , a compression line 
switching logic circuit 16 having a mode for switching the compression lines from the functional blocks 12 1 to 12 3 

35 arranged independently of the functional blocks, a time compressor 1 7, and a wiring area 1 5 for connecting the space 
compressors 1 3 n to 133 and 14 to the compression line switching logic circuit 16 and the time compressor 17. The 
time compressors 1 3, to 1 33 comprises compressors each using exclusive OR gates, the space compressor 14 com- 
prises a compressor using a multiple input linear feedback shift register (MISR), and the time compressor 17 is a 
compressor using a multiple input feedback shift register (MISR). Reference numeral 18 denotes a comparator for 

40 comparing an output from the time compressor 1 7 with an output from an expected value generator 19 and outputting 
a comparison result. 

The arrangement of the space compressor will be described in detail be tow. 

(1) Applications of the space compressors based on the natures of the functional blocks will be described with 
reference to Figs. 7 and 8. 

45 The space compressor is a compressor having a function of compressing input data of M bits (M is the number of 
outputs of the functional block) x K patterns (K is the number of test patterns) output from each functional block of the 
circuit under test 12 into output data of L (L is the number of outputs from the compressor; K > L) x K patterns. The 
detailed arrangement of the space compressor is a space compressor 1 3 (Fig. 7) in which exclusive OR gates, exclusive 
NOR gates, or NAND gates are arranged in a tree or cascade shape, or a space compressor 1 4 (Fig. 8) comprising a 

50 multiple input feed back shift register having a plurality of exclusive OR gates 132 and 133 and shift registers 134. 
Referring to Fig. 7, reference numerals 121 denote compressor input lines; 122, exclusive OR gates constituting the 
tree shape; and 1 23, a compression line for the compressor output. Referring to Fig. 8, reference numerals 1 31 denote 
compressor input lines; 1 35, a compression line for the compressor output. 

The compressor 13 using the exclusive OR gates is characterized in that an amount of hardware is small, but a 

55 missed fault occurs depending on the nature of a circuit under test when the degree of space compression is increased 
(i.e., L is reduced). The compressor 14 using the multiple input feedback shift register is characterized in that the 
amount of hardware is large, but a missed fault rarely occurs even in a degree of one output regardless of the type of 
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circuit because the pattern is compressed while being convoluted as a function of time. 

According to the present invention, space compression is performed using the compressor 1 3, using the exclusive 
OR or NOR gates to a degree in which a missed fault does not occur. Thereafter, the compressor 14 using the multiple 
input linear feedback shift register is used to perform space compression to one output. In this manner, the present 
s invention employs the two-stage arrangement. 

However, even if the space compressor using the exclusive OR gates is used, a missed fault does not occur to a 
degree in which space compression is performed up to one output, depending on the type of functional block, the space 
compressor 1 33 using only the exclusive OR gates is used (a functional block having this nature is a circuit 12 3 having 
a nature A). 

10 The wiring area 15 obtained when a missed fault does not occur even in space compression into several com- 
pression lines using the space compressor using the exclusive OR gates and when these several compression lines 
are coupled up to the time compressor is compared with an amount of hardware obtained by compressing outputs to 
one output by a compressor unit consisting of the space compressor using the exclusive OR gates and the compressor 
having the multiple input linear feedback shift register. The space compressor 132 using only the exclusive OR gates 

15 is used for a circuit under test exhibiting a smaller amount of hardware of the latter case than that of the former case 
(i.e., a functional block satisfying this nature is defined as a circuit 122 having a nature B, and a functional block which 
belongs to neither circuits is defined as a circuit 12 1 having a nature C). 

According to the present invention, compressors having different arrangements such as the space compressor 1 3 
having the exclusive OR gates and the space compressor 14 having the multiple input linear feedback shift register 

20 are combined in a multistage manner depending on the natures of the functional blocks as circuits under test, thereby 
reducing the amount of hardware constituting the space compressor; 

The amount of hardware of the space compressor having the exclusive OR gates for compressing an input having 
n bits into one output is compared with that of the space compressor having the multiple input linear feedback shift 
register. The compressor having the exclusive OR gates requires (n-1) exclusive OR gates 122, as shown in Fig, 7, 

25 -while the comp ressorhaving -the multiple-input- linear-feedback-shift-register- requires-the exclusive OR gate 132 and 
the shift register 1 34 for each input 1 31 , as shown in Fig. 6. In addition, the compressor having the multiple input linear 
feedback shift register also requires several other exclusive OR gates 1 33 for performing linear feedback! 

As described above, the compressor having the exclusive OR gates can be arranged using the (n-1 ) exclusive 
OR gates, while the compressor having the multiple input linear feedback shift register requires n exclusive OR gates 

30 and several additional exclusive OR gates, and n shift registers. If the amount of hardware of the shift register is about 
three times that of the exclusive OR gate, the space compressor having only the exclusive OR gates can be realized 
by an amount of hardware which is about 1/4 or less that of the space compressor having the multiple input linear 
feedback shift register 

(2) The effect of the space compressor having only the exclusive OR gates on the basis of the nature of the 
35 functional block will be described below. 

In the circuit 12 3 having the nature A, an influence of a fault occurring inside the circuit under test propagates at 
random, and bit faults of a test output pattern independently occur with equal probabilities. 

A theoretical, quantitative ground for the circuit 12 3 having the nature A almost free from a missed fault in use of 
the space compressor having only the exclusive OR gates will be explained below. 
40 When the space compressor is not used, the fault coverage and the number of pseudorandom patterns input to 
a circuit under test are given as FC and P, respectively, the following equation is given: 



so that a function f given by the above equation is defined as a fault detection function. 

The theoretical formula of the fault coverage for a model in which a change in fault coverage is given by this fault 
detection function is obtained when the space compressor having only the exclusive OR gates is used. 

An influence of a fault occurring inside the circuit under test propagates at random to the output and the bit faults 
50 of the test output pattern independently occur with equal probabilities, a probability Pmiss in which a fault detected at 
the t-th pattern in the absence of the space compressor is missed in the number of patterns x in the presence of the 
space compressor having only the exclusive OR gates is represented as follows if n is the number of outputs of the 
space compressor: 



FC = f(P) 



(1) 



45 



55 



x 




(2) 
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Since a rate ol faults detected by the number of patterns] is given by differentiating the fault detection function f, 
the fault miss probability Rmiss for the faults detected at the t-th pattern in the absence of the space compressor in 
the number of patterns x compressed by the space compressor having only the exclusive OR gates is represented by 
(rate of faults to be detected) x (fault miss probability), so that: 



Rmiss 



dt 



0) 



10 A total missed fault coverage FCmiss is given as a total sum of the fault miss probability of the respective numbers 
of patterns, so that 



16 



FCmiss (x) = j 



df(t) 



dt 




•(4) 



Therefore, a fault coverage FC in use of the space compressor having only the exclusive OR gates is defined as 
20 follows: 



FC (x) = fix) - FCmiss (x) 



25 — 



fix) 



(5)- 



30 A model in which the fault coverage is exponentially increased and the 100% fault coverage is obtained by 100 

patterns is taken into consideration as an empirical fault detection lunction: 



35 



fix) 



1 x log l0 x (1 < x < 100) 
1 (100 s x) 



.(6) 



40 The comparison between the fault coverages FC in the absence of the space compressor and the fault coverages 
FC in the presence of the space compressor using only the exclusive OR gates to obtain only one output is shown in 
Table 3. 



Table 3 



Number of Patterns 


Fault Coverage FC in the absence of Space 
Compressor (%) 


Fault Coverage FC in the presence (One 
Output) of Space Compressor (%) 


10 


50.00 


42.22 


20 


65.05 


57.51 


50 


84.95 


77.51 


100 


100.00 


92.65 


200 


100.00 


97.69 


500 


100.00 


99.86 


1000 


100.00 


99.998 



45 



SO 



55 



The fault coverage FC for the 100 patterns is 92.65%, and missed faults are figured out as about 7%. However, 
when the number of patterns is increased to 200, 500, and 1 ,000, the fault coverages FC are increased to 97,69%, 
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99.86%, and 99.998%, respectively. In this manner, circuits satisfying the condition that the influences of faults occurring 
inside the circuits propagate at random to the outputs have extremely tow missed fault coverages by increasing the 
number of patterns. 

A 1 6-blt carry lookahead 2-input adder is exemplified as the circuit 1 2 3 having the nature A. Comparison between 
5 the fault coverages FC in the absence of the space compressor and the fault coverages FC' in the presence of the 
space compressor using only the exclusive OR gates to obtain only one output is shown in Table 4. 



Table 4 



20 



Number of Patterns 


Fault Coverage FC in the absence of Space 
Compressor (%) 


Fault Coverage FC in the presence (One 
Output) of Space Compressor (%) 


10 


. „ _ 33.70 


27.58 


20 


38.58 


35.52 


50 


44.71 


44.43 


70 


46.52 


46.52 


100 


62.26 


62.26 


200 


73.82 


73.82 


500 


97.08 


96.38 


700 


100 


100 



As shown in Table 4, the 1 00% fault coverage is achieved for the carry lookahead adder when the space compressor 
having only the exclusive OR gates to obtain only one output is used. As compared with the absence of the space 
compressor, the number of patterns for the 100% fault coverage is almost the same. As compared with the theoretical 
curve, the missed fa ult cove rage becomes extremely low. The carry lookahea d adder is arrange d in a bit slice manner, 
so that the influence of the fault Tends to be concentrated on one output. 

A 16-bit arithmetic logic unit is exemplified as the circuit 12g having the nature B. The arithmetic logic unit has 16 
data outputs and 4 control outputs. Changes in fault coverages obtained when any space compressor is used, a space 
compressor is used to compress data outputs to one output, and a space compressor is used to compress both<Jata 
and control outputs to one output, are shown in Table 5. . . 



Table 5 





Number of Patterns 


Fault Coverage in the 


Fault Coverage in the 


Fault Coverage in the 






absence of Space 


presence of Space 


presence of Space 


35 




Compressor (%) 


Compressor (Data Outputs 
Compressed to One Output) 
(%) 


Compressor (Both Data and 

Control Outputs 
Compressed to One Output) 
(%) 




10 


60.14 


58.08 


53.35 


40 


20 


72.67 


71.63 


68.00 




50 


89.97 


88.87 


85.44 




100 


97.38 


96.84 


95.50 




200 


98.66 


98.45 


97.65 


45 


500 


99.35 


99.17 


98.81 




1000 


99.40 


99.40 


99.08 



Even if the data outputs are compressed into one output, the maximum fault coverage is not changed as compared 
with a case in which the space compressor is not used. The number of patterns to obtain this maximum fault coverage 
is not almost increased. 

When both the data and control outputs are compressed into one output, some missed faults occur because an 
output pair having a strong correlation are present in the control outputs and the faults do not propagate at random. 
That is, when two outputs having an inverting relationship are spatially compressed for a fault at a given portion, this 
fault cannot be detected. 

55 Since an assumption in the theoretical formula that the influence of a fault propagates at random to an output is 
established, the outputs from the space compressor can be compressed to one output. However, since outputs such 
as control outputs to which this assumption is not applied are present, outputs having a strong correlation must be 
independently spatially compressed. The number of outputs from the space compressor having only the exclusive OR 
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gates must be two. In this embodiment, the amount of hardware obtained when the two outputs are further compressed 
into one output by the space compressor having the multiple input linear feedback shift register is compared with the 
wiring area obtained by coupling the two outputs to the time compressor. If the amount of hardware of the latter is 
smaller than that of the former, the space compressor has an arrangement for the circuit having the nature B. 

s (3) An arrangement of a logic circuit having a mode for switching compression lines from the respective functional 

blocks will be described with reference to Fig. 9. 

The compression lines coupled from the functional blocks to the time compressor 17 are independent of each 
other in units of functional blocks. When the compression lines are independently subjected to time compression, a 
fault block can be separated. For this purpose, a logic circuit 16 has functions of a mode for sequentially supplying 

w outputs from compression lines 1 41 and 1 44 coupled to fault functional blocks subjected to separation to a time com- 
pressor 17 independent of the functional blocks before outputs from the compression lines 141 and 142 compressed 
by the space compressors 1 3 1 to1 3 3 respectively embedded in the functional blocks and for outputting fixed values to 
the remaining compression lines (142 and 145), and a mode for directly supplying the outputs from all the compression 
lines through the time compressor 17. The logic circuit 16 then switches between the above two modes through a 

is control line 143. Referring to Fig. 9, the compression line 141 is a compression line from a fault functional block sub- 
jected to separation, the compression line 142 is a compression line from a block except for the fault functional block 
subjected to separation. Reference numeral 144 denotes an output directly from a compression line; 1 45, a fixed value 
output. 

In the design, the mode for supplying the outputs from the compression lines coupled to the fault functional blocks 

20 subjected to separation to the time compressor 1 7 is set. Time compression is performed in units of the fault functional 
blocks subjected to separation, and the compressed outputs are compared with the expected value. The fault functional 
blocks are then separated. In the manufacture, the mode for supplying outputs of all the compressbn lines to the time 
compressor 17 is set, and all the outputs are simultaneously time-compressed. The compressed values are compared 
with the expected value, thereby effectively performing a GO/NO GO test. 

2S (4) The arrangement of the time compressor will be described below. 

The time compressor 1 7 is a compressor for compressing data of L bits (a total of compression line outputs through 
the space compressor from the functional blocks) x K patterns into data of L bits x one pattern. For this purpose, a 
multiple input (L-input) linear feedback shift register is used. The compressed data of L bits x one pattern is compared 
with the expected value having a L-bit width, and the comparison result is output. 

30 As has been described above, according to the present invention, compressors having different arrangements, 
such as a compressor having only exclusive OR gates and a compressor using a multiple input linear feedback shift 
register are combined depending on the nature of the functional block as a circuit under test. The amount of hardware 
constituting the space compressor is reduced, and the number of wiring lines between the space compressor and the 
time compressor is reduced. The total amount of hardware of the pattern compressor is reduced in the arrangement 

35 of distributed built-in self test pattern compressor 

In addition, according to the present invention, a switching mode logic circuit having a mode for sequentially sup- 
plying compression line outputs from fault functional blocks subjected to separation to the time compressor and out- 
putting a fixed value to the remaining compression lines is arranged. In the design test, a smaller amount of hardware 
is required as compared with a case in which time compressors are arranged in units of fault functional blocks subjected 

40 to separation. Switching control can be performed by setting only a logic value to the control line of the logic circuit, 
thus facilitating the test. 

In the embodiment shown of Fig. 1 , when the comparator 18 is built into an LSI, the test circuit can have a one- 
bit output. The number of external pins required in the test can be minimized. However, this comparator need not be 
built into the LSI and may be arranged outside the ISL In this case, an output having a given bit width is externally 
45 extracted. This extraction method is a known method. 

In Fig. 1 , the output from the space compressor is supplied to the time compressor and the comparator to obtain 
a test result. However, a known test result determination circuit for determining whether a desired value is obtained 
on the basis of the output from the space compressor may be used. 

so 

Claims 

1. A built-in self test circuit comprising: 

55 at least one pattern generator (11 - 11 3) constituted by a linear feedback shift register (21 ), 

at least one functional block (12; 1 2 1 - 12 3 ) subjected to a self test on the basis of an output from said pattern 
generator or generators (11-, - 11 3 ), 

wherein a test result is checked on the basis of an output from said functional block or blocks (12; 12 n - 12 3 ), 
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said functional block or blocks (12; 12, -12 3 ) having O inputs and M outputs, wherein O and M are positive 
integers, 

said pattern generator or generators (11, - 11 3 ) and 6aid functional block or blocks (12; 12, - 12 3 ) being built 
into a semiconductor chip into which other functional elements are built, 

5 

characterized by 

said linear feedback shift register or registers having an output bit width P which is 1/N of the inputs O of 
said functional block or blocks, with N being an integer of 2 or more, for generating.a pseudorandom pattern and 
an iterative pseudorandom pattern output unit (22) for distributing outputs from said linear feedback shift register 
io or registers in units of P outputs and outputting, to said functional block or blocks, an iterative pseudorandom 
pattern output having an iterative O-bit width of the pseudorandom pattern output from said linear feedback shift 
register or registers every P bits. 

2. A circuit according to claim 1 , with said functional block or blocks being constituted by modules (M, ■ M N ) arranged 
is in line and having the same function. 

3. A circuit according to claim 1 , with said functional block or blocks being constituted by modules (M, , - M N ) arranged 
in the form of an array and having the same function. 

20 4. A circuit according to claim 2, 

with said functional block or blocks comprising a control unit for supplying a control signal to each of said modules 

M-ivy. 

6. A circuit according to one of the previous claims, further comprising 

2$ 

at least one space compressor (1 3; 13, - 133, 14) for compressing said test result of said functional block or 
blocks; 

said space compressor or compressors having a function of spatially compressing the M outputs from said 
functional block or blocks into L outputs, wherein L is a positive integer and M > L, and said space compressor 
30 or compressors being built into said semiconductor chip. 

6. A circuit according to claim 5, 

with said space compressor or compressors constituting one stage. 

35 7. A circuit according to claim 5, 

with said space compressor or compressors constituting a plurality of stages which are constituted by different 
types of space compressing means. 

8. A circuit according to claim 7, 

40 with said space compressor or compressors constituting two stages, the first one of which is constituted by an 
exclusive OR type and the second one of which is constituted by a multiple input linear feedback shift register. 

9. A circuit according to one of claims 5 to 8, further comprising 

45 a comparator (1 8) for comparing an output from said space compressor or compressors with an expected 

value and outputting a comparison result, 
said comparator being built into said semiconductor chip. 

10. A circuit according to one of claims 5-9 comprising one pattern generator and one space compressor. 

so 

11. A circuit according to one of the claims 5-9 comprising a plurality of pattern generators (11j - 11 3 ) and a plurality 
of space compressors (13, - 13 3 , 14). 

12. A circuit according to one of claims 5 to 11 , further comprising 

55 

a time compressor arranged at outputs of said space compressor or compressors; said time compressor re- 
ceiving an output from said space compressor or compressors and supplying a time-compressed output ; 
and said time compressor is built into said semiconductor chip. 
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1 3. A circuit according to claim 1 2, further comprising 

a comparator (18) lor comparing an output from said time compressor with an expected value and outputting 
a comparison result, 
5 and said comparator is built into said semiconductor chip. 

14. A circuit according to claim 12 or 13, further comprising 

selecting means, arranged between said space compressor or compressors and said time compressor, for 
selecting outputs from said space compressor or compressors. 

10 

PatentansprOcho 

1. Eingebaute Selbst-Test-Schaltung mit: 

15 

wenigstens einem aus einem Linearruckkopplung-Schieberegister gebildeten Muster-Erzeuger (11, - 11 3 ), 
wenigstens einem Funktionsblock (12; 12, - 12 3 ), welcher auf Basis eines Outputs von dem Muster-Erzeuger 
Oder von den Muster-Erzeugem (11,-113) einem Selbst-Test unterzogen wird, 

wobei auf Basis eines Outputs von dem Funktionsblock Oder von den Funktbnsblocken (1 2; 1 2, -1 2 3 ) ein Test- 

20 Ergebnis gepruft wird, 

wobei der Funktionsblock ode r die Funktionsblocke (12; 12, - 12 3 ) O Inputs und M Outputs aufweist/aufweisen, 
. wobei O und M positive ganze Zahlen sind, 

wobei der Muster-Erzeuger Oder die Muster-Erzeuger (11,-113) und der Funktionsblock Oder die Funktions- 
blocke (1 2; 1 2, - 1 2 3 ) in einen Halbleiter-Chip eingebaut sind, in welchen weitere Funktbnselemente eingebaut 

2$ sind,— — 

dadurch gekennzeichnet, daB 

das LinearrGckkopplung-Schieberegister oder die Linearruckkopplung-Schieberegister eine Output-Bit-Breite P 
aufweisen, welche 1/N der Inputs O des Funktionsblocks oder der Funktionsblocke ist, wobei N eine ganze Zahl 

30 groBer oder gleich 2 ist, urn ein Pseudozufallsmuster zu erzeugen, und eine iterative Pseudozufalismuster-Aus- 
gabeeinheit (22), urn Outputs von dem Linearruckkopplung-Schieberegister oder von den Linearruckkopplung- 
Schieberegistern in Einheiten von P Outputs zu verteilen und einen rterativen Pseudozufallsmuster-Output von 
dem LinearrOckkopplung-Schieberegister oder von den Linearruckkopplung-Schieberegistern zu dem Funktions- 
block oder zu den Funktionsblocken mit einer iterat'rven O-Bit-Breite des Pseudozufallsmuster-Outputs alio P Bits 

35 auszugeben. 

2. Schaltung gemaB Anspruch 1 , bei welcher der Funktionsblock Oder die Funktionsblocke aus Modulen (M, - M N ) 
gebildet ist/sind, welche in Reihe angeordnet sind, und die gleiche Funktbn aufweisen. 

40 3. Schaltung gemaB Anspruch 1 , bei welcher der Funktionsblock oder die Funktionsblocke aus Modulen (M, - M N ) 
gebildet ist/sind, welche arrayformig angeordnet sind, und die gleiche Funktbn aufweisen. 

4. Schaltung gemaB Anspruch 2, bei welcher der Funktionsblock Oder die Funktionsblocke eine Steuer-Einheit zum 
Liefern eines Steuer-Signals zu jedem der Module (M,- M N ) aufweisen. 

45 

5. Schaltung gemaB einem der vorstehenden Anspruche, welche auBerdem wenigstens einen Raum- bzw. raumli- 
chen Komprimierer (13; 13, - 13 3 , 14) zum Komprimieren des Test-Ergebnisses des Funktionsblocks oder der 
Funktionsblocke aufweist; 

wobei der Raum-Komprimierer oder die Raum-Komprimierer eine Funktbn raumlichen Komprimierens der M Out- 
50 puts von dem Funktionsblock oder von den Funktionsblocken in L Outputs aufweist/aufweisen, wobei L eine po- 
sitive, ganze Zahl und M > L ist, und der Raum-Komprimierer oder die Raum-Komprimierer in den Halbleiter-Chip 
eingebaut ist/sind. 

6. Schaltung gemaB Anspruch 5, bei welcher der Raum-Komprimierer oder die Raum-Komprimierer eine Stuf e bildet/ 
ss bilden. 

7. Schaltung gemaB Anspruch 5, bei welcher der Raum-Komprimierer oder die Raum-Komprimierer mehrere Stuf en 
bildet/bilden, welche von verschiedenen Arten von Raumkomprimierungsmitteln gebildet werden. 
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8. Schaltung gemaG Anspruch 7, bei welcher der Raum-Komprlmierer oder die Raum-Komprimierer zwei Stufen 
bildet/bilden, von welchen die erste von einem exklusiven ODER-Typ, und die zweite von einem LinearrOckkopp- 
lung-Schieberegister mit mehreren Inputs gebildet wird. 

9. Schaltung gemaG einem der AnsprOche 5 bis 8, mit auGerdem einem Komparator (18) zum Vergleichen eines 
Outputs von dem Raum-Komprimierer oder von den Raum-Komprimierern mit einem erwarteten Wert, und Aus- 
geben eines Vergleichs-Ergebnisses, wobei der Komparator in den Halbleiter-Chip eingebaut ist. 

10. Schaltung gemaG einem der AnsprOche 5 bis 9, mit einem Muster-Erzeuger, und einem Raum-Komprimierer. 

11. Schaltung gemaG einem der AnsprOche 5 bis 9, mit mehreren Muster-Erzeugern (11,-113), und mehreren Raum- 
Komprimierern (13, - 13 3 , 14). 

12. Schaltung gemaG einem der AnsprOche 5 bis 11 , mit auGerdem einem Zeit- bzw. zeitlichen Komprimierer, welcher 
an Outputs des Raum-Komprimierers oder der Raum-Komprimierer angeordnet ist; wobei der Zeit-Komprimierer 
einen Output von dem Raum-Komprimierer oder von den Raum-Komprimierern empfangt, 

und einen zeitkomprimierten Output liefert; und wobei der Zeit-Komprimierer in den Halbleiter-Chip eingebaut ist. 

13. Schaltung gemaG Anspruch 12, mit auGerdem einem Komparator (18) zum Vergleichen eines Outputs von dem 
20 Zeit-Komprimierer mit einem erwarteten Wert, und Ausgeben eines Vergleichs-Ergebnisses, und wobei der Kom- 
parator in den Halbleiter-Chip eingebaut ist. 

14. Schaltung gemaG Anspruch 12 oder 13, mit auGerdem Wahl-Mitteln, welche zwischen dem Raum-Komprimierer 
oder den Raum-Komprimierern, und dem Zeit-Komprimierer angeordnet sind, zum Wahlen von Outputs von dem 

25 Raum-Komprimierer oder von den Raum-Komprimierern. 

Revendlcation8 

30 t. Circuit a auto-test incorpore comprenant : 

au moins un generateur (11,-113) d e motifs constitue par un registre a decalage a reaction lineaire (21), 
au moins un bloc fonctionnel (12 ; 12 r 12 3 ) soumis a un auto-test sur la base d'un signal de sortie issu dudit 
ou desdits gen6rateur(s) de motifs (11 r 11 3 ), 
35 dans lequel un resultat de test est verifie sur la base d'un signal de sortie provenant du ou desdits bloc(s) 

fonctionnel(s) (12; 12,-12 3 ), 

ledit ou lesdits bloc(s) fonctionnel(s) (12 ; 12 r 12 3 ) comprenant O entr6es et M sorties ou O et M sont des 
entiers positifs, 

le ou lesdits generateur(s) de motifs (11 ,-1 1 3 ) et le ou lesdits btoc(s) fonctionnel(s) (12; 1 2 r 12 3 ) etant incor- 
40 pores dans une puce semi -conduct rice dans laqueile d'autres elements fonctionnels sont incorpores, 

caracterise en ce que 

ie ou lesdits registre(s) a decalage a reaction lineaire a (ont) une largeur d'element binaire de sortie P qui 
est la 1/N* me de celle des signaux d'entree O du ou desdits bloc(s) fonctionnel(s), N etant un entier egal a 2 ou 
45 superieur, pour engendrer un motif pseudo-aleatoire, et une unite (22) iterative d'emission de motifs pseudo-alea- 
toires pour distribuer des signaux de sortie issus du ou desdits registre(s) a decalage a reaction lineaire dans les 
unites de sortie P et pour envoyer en sortie, en direction du ou desdits bloc(s) fonctionnels, un signal de sortie de 
motif iteratif pseudo-aleatoire ayant une largeur iterative O-binaire de celle du signal de sortie de motif pseudo- 
aleatoire provenant du ou desdits registre(s) a decalage a reaction lineaire tous les P elements binaires. 

so 

2. Circuit seion la revendication 1, dans lequel le ou lesdits bloc(s) fonctionnel(s) sont constitues par des modules 
(M, -M N ) disposes en ligne et ayant la m§me fonction. 

3. Circuit selon la revendication 1, dans lequel le ou lesdits bloc(s) fonctionnel(s) sont constitues par des modules 
55 (M, -M N ) dispos6s sous la forme d'un groupement et ayant la meme fonction. 

4. Circuit selon la revendication 2, dans lequel le ou lesdits bloc(s) fonction nel(s) comprennent une unite de com- 
mando pour fournir un signal de commande a chacun desdits modules (MvM N ). 
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5. Circuit selon I'une quelconque des revendications prdc6dentes, comprenant en outre : 

au moins un compresseur spatial (13 ; 1 3 r 13 3 , 14) pour compressor ledit resuttat de test du ou desdits bloc 
(s) fonctionnel(s) ; 

le ou iesdits compresseur(s) spatial (spatiaux) ont une fonction de compression spatiale des M signaux de 
sortie provenant du ou desdits bloc(8) foncttonnel(s) en L signaux de sortie, ou L est un entier positif et M > 
L, et le ou Iesdits compresseur(s) spatial (6patiaux) sont incorpore* a ladite puce semi-conductrice. 

Circuit selon la revendication 5, dans lequel le ou Iesdits compresseur(s) spatial (spatiaux) constitue(nt) un etage. 

Circuit selon la revendication 5, dans lequel le ou Iesdits compresseur(s) spatial (spatiaux) constitue(nt) une plu- 
rality dotages qui sont constitues par d iff 6 rents types de moyens compresseurs spatiaux. 

8. Circuit 6elon la revendication 7, dans lequel le ou Iesdits compresseur(s) spatial (spatiaux) constitue(nt) deux 
ts Stages, le premier d'entre eux dtant constitue* par un type OU exclusif et le second 6tant constitue* par un registre 

a decalage a reaction Iin6aire a entree multiple. 

9. Circuit selon I'une des revendications 5 a 8 comprenant en outre : 

20 un comparateur (18) pour comparer un signal de sortie issu du ou desdits compresseur(s) spatial (spatiaux) 

a une valeur attendue et fournissant un resultat de comparison, 
le comparateur etant incorpore dans ladite puce semi-conductrice. 

10. Circuit selon I'une quelconque des revendications 5 a 9 comprenant un g6n6rateur de motifs et un compresseur 
25 spatial 

11. Circuit selon I'une quelconque des revendications 5 a 9 comprenant une pluralite de gendrateurs de motifs (11 r 
11 3 ) et une pluralite de compresseurs spatiaux (13,-1 33, 14). 

30 12. Circuit selon I'une quelconque des revendications 5 a 11 comprenant en outre : 

un compresseur de temps dispose* aux sorties du ou desdits compresseurs) spatial (spatiaux) ; ledit com- 
presseur de temps recevant un signal de sortie provenant du ou desdits compresseur(s) spatial (spatiaux) ; 
ledit compresseur de temps recevant un signal de sortie provenant du ou des compresseu r(s) spatial (spatiaux) 
35 et fournissant un signal de sortie comprime en temps ; 

et ledit compresseur de temps est incorpore a ladite puce semi-conductrice. 

13. Circuit selon la revendication 12, 

comprenant en outre un comparateur (18) pour comparer un signal de sortie provenant dudit compresseur de 
to temps avec une valeur attendue et fournissant un resultat de la comparaison, 
et ledit comparateur 6tant incorpore a ladite puce semi-conductrice. 

14. Circuit conforme a la revendication 12 ou a la revendication 13, comprenant en outre des moyens de selection 
disposes entre le ou Iesdits compresseu r(s) d'espace et ledit compresseur de temps, pour selectionner les signaux 

45 de sortie provenant du ou desdits compresseu r(s) spatial (spatiaux). 
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